In recent years, the concept of embedding composite scintillators consisting of nanosized inorganic crystals in an organic matrix has been actively pursued. Nanocomposite detectors have the potential to meet many of the homeland security, non-proliferation, and border and cargo-screening needs of the nation and, by virtue of their superior nuclear identification capability over plastic, at roughly the same cost as plastic, have the potential to replace all plastic detectors. Nanocomposites clearly have the potential of being a gamma ray detection material that would be sensitive yet less expensive and easier to produce on a large scale than growing large, whole crystals of similar sensitivity. These detectors would have a broad energy range and a sufficient energy resolution to perform isotopic identification. The material can also be fabricated on an industrial scale, further reducing cost. This investigation focused on designing and fabricating prototype core/shell and quantum dot (QD) detectors. Fourteen core/shell and four QD detectors, all with the basic consistency of a mixture of nanoparticles in a polymer matrix with different densities of nanoparticles, were prepared. Nanoparticles with sizes <10 nm were fabricated, embedded in a polystyrene matrix, and the resultant scintillators' radiation detector properties were characterized. This work also attempted to extend the gamma energy response on both low-and high-energy regimes by demonstrating the ability to detect low-energy and high-energy gamma rays. Preliminary results of this investigation are consistent with a significant response of these materials to nuclear radiation.
INTRODUCTION
Scintillator materials are used to detect and, in some cases, quantify a gamma ray's (γ-ray's) energy. Higher resolution scintillators are expensive, difficult to manufacture, and fragile. Low to moderate resolution scintillators are less costly, easier to manufacture, and more rugged, but they offer lower performance envelops when compared to high resolution materials. The question is whether or not the desirable qualities of each scintillator type can be combined to achieve high performance at low cost? This study investigated the viability of combining the advantages of both types of scintillator materials to overcome the disadvantages of each. The principle is that "nanocrystals"-crystals 2 to 5 nanometers in diameter (1 nanometer = 1 billionth of a meter)-of certain inorganic scintillator materials can capture most of the energy from photons, thus offering nearly the performance of single large crystals, if packed densely enough in plastic. The resulting mixture may also have the desirable features of plastic.
Scintillators play an important role in many applications involving radiation detection, in areas such as laboratory experiments, medical imaging, and nuclear material safeguards. Traditionally, the most widely used scintillators are one of two types: organic and inorganic. In addition, composite scintillators seeking to combine the advantages of both organic and inorganic scintillators are being actively developed [1] [2] [3] . Composite scintillators are radiation detectors consisting of small inorganic crystals embedded in an organic matrix. Ideally, a composite scintillator would have efficiency and resolution similar to those of an inorganic scintillator, while retaining the low cost and manufacturability of the organics [4, 5] . In order to produce these composite scintillators, small inorganic crystals suitable for incorporation in the organic matrix must be made. Historically, the first composite scintillators consisted of microsized (~ 10-μm diameter) inorganic crystals in an organic matrix, but they suffered from optical opacity caused by refractive index mismatch between the matrix and the crystals [6] . It was reported by McKigney [2] that transparent composite scintillators may be made using nanosized crystals.
The use of commercially available inorganic semiconductors (bulk particle size range: μm) as scintillators has been limited by their low solubilities in organic and polymeric matrices. Likewise, their preparation in inorganic matrices, such as sol-gel, results in optically opaque gels with the lowering of photoluminescence quantum yields. During the past two decades, there have been extensive investigations of semiconductor nanocrystals or quantum dots (QDs). When the sizes of these QDs become comparable to or smaller than the bulk exciton Bohr radius, unique optical and electronic properties occur [7] [8] [9] [10] . These effects, arising from the spatial confinement of electronic excitations to the physical dimensions of the nanocrystals, are referred to as quantum confinement effects. One such effect is the quantization of the bulk valence and conduction bands that result in discrete atomic-like transitions that shift to higher energies as the size of the nanocrystal decreases. With the size-dependent optical properties of QDs (especially the photoluminescence property), QDs with specific sizes can be made for specific detection wavelengths over the whole UV/V range.
In 1993, Bawendi and coworkers [11] were the first group to synthesize highly luminescent cadmium selenide (CdSe) QDs by using high-temperature organometallic procedures. Later, the deposition of a surface-capping layer such as zinc sulfide (ZnS) or cadmium sulfide (CdS) in the core/shell QD structure was also found to dramatically increase the quantum yields of CdSe nanocrystals up to 40% to 50% at room temperature [1, [12] [13] [14] . Another key advancement in this area was the synthesis of highly luminescent cadmium telluride (CdTe), CdSe, and CdS QDs in large quantities [15, 16] . Several metal chalcogenides (e.g., ZnS, CdSe/ZnS) are known to be highly efficient scintillators. Their preparation in inorganic matrices results in nontransparent gels, thus lowering their efficiency as scintillating devices. By reducing their particle sizes from commonly used micrometer into nanometer-sized regimes, their optical properties and solubilities in both polar and nonpolar solvents can be controlled [1] .
An objective of this project was to develop QD scintillators for high brightness and efficiency x-ray, γ-ray, and α-particle detection. The initial effort focused on CdSe/ZnS, and CdTe/ZnS core/shell QDs, and manganese-doped zinc selenide (ZnSe:Mn) nanocrystals incorporated into the polymer at various concentrations. The solid polymer matrix is an advancement over the nanoparticle loading of an organic liquid [17] , wherein the nanoparticles may aggregate. Another objective was to determine what leads to observation of photopeaks in energy spectra of isotopes using the QD scintillators [2, 18] .
(1) Nanocomposite 1.4% CdSe/ZnS (2) Nanocomposite 2.8% CdSe/ZnS (3) Nanocomposite 0.2% CdSeS (4) Nanocomposite 0.01% CdTe/ZnS (5) Nanocomposite 0.05% CdTe/ZnS (6) Nanocomposite 0.11% CdTe/ZnS (7) Nanocomposite 0.43% CdTe/ZnS (8) Nanocomposite 0.9% CdTe/ZnS (9) Nanocomposite 2% CdTe/ZnS Figure 1 . Nanocomposite detectors (1-9) used in this project; see Table 1 for details.
EXPERIMENT

Detectors
Radiation Monitoring Devices, Inc. (RMD) prepared a set of detector samples. Fourteen are core/shell and four are QD detectors, but all have the basic consistency of a mixture of nanoparticles in a polymer matrix with different densities of nanoparticles. The detector set includes two samples of CdSe with a ZnS shell (CdSe/ZnS). The two samples of CdSe/ZnS employ a polystyrene matrix. The QD sample of cadmium selenium sulfur (CdSe:S) had a volume greater than 1 cc. The physical form of the CdSe:S sample was a 2-cm wide flat disk. This sample had 0.2% CdSe:S by weight uniformly distributed in an epoxide-amine polymer. There were six samples of CdTe with a ZnS shell (CdTe/ZnS) and three samples with manganese-doped zinc selenide (ZnSe:Mn) in a polystyrene matrix. The three samples were roughly 1 cc and contained 1%, 2%, and 5% QD loading. The 5% sample, however, was formed with many voids and defects. RMD also provided the six surfactant detectors that resulted from their process of forming the CdTe/ZnS detectors, though these surfactant detectors are of smaller dimension, uniformity, and quality. A BC400 detector from the Remote Sensing Laboratory was used as a reference. Figures 1 and 2 shows photographs of the nanoparticle (or nanocomposite) detectors, and Table 1 lists all the sample compositions, material matrixes, and characteristics with different radioactive sources for the detectors used in this work. Table 1 for details.
Experimental Design and Setup
The design for the detector mount was required to accommodate numerous detectors to be seated against a ~2.0 cm (¾ in.) photomultiplier tube (PMT). The mount was carefully constructed so that any one of the 18 nanocomposite detectors might be inserted into the mount in a light-tight environment and seated and interfaced to the PMT. The detectors were approximately 1 cm in diameter and 1 cm in length. They were not well polished. This small-sized geometry was fit onto the PMT with a light coupling, and inside a light-tight enclosure in order to obtain good data. The mount was designed for easy exchange of detectors, and the PMT cap and assembly were seated so that data could be acquired with the detector in a light-tight environment. Figure 3 shows a picture of the detector mount, the protective cap, and the PMT assembly. Gamma-ray spectra from 241 Am, 137 Cs, and 60 Co were measured using each RMD nanoparticle detector. Gamma-ray spectra from a BC400 scintillation detector were also measured as a reference. The resulting spectra are presented in Figures 4 through 7. Figure 4 shows typical background-subtracted γ-ray spectra acquired from the three γ-ray sources:
RESULTS AND DISCUSSION
241 Am, 137 Cs, and 60 Co. The figure shows the spectra from the 0.2% CdSe:S QD detector as well as the background spectrum. Figures 5  and 6 show the spectra for the 2.8% and 1.4% CdSe/ZnS and the 0.9% CdTe/ZnS core/shell detectors, and the 5%, 2%, and 1% ZnSe:Mn QD detectors, respectively. The plots compare background-subtracted 241 Am, 137 Cs, and 60 Co spectra obtained with the 2.8% and 1.4% CdSe/ZnS, the 0.9% CdTe/ZnS core/shell, and the 5%, 2%, and 1% ZnSe:Mn QD detectors, respectively. In all figures, these spectra are successively overlaid. We have seen that higher photopeak γ-ray energies correspond to overall higher mean in the measured spectra. In addition, the lower live time normalized count rate for 241 Am may be attributed to low energy discrimination, efficiency phenomena, and photopeak energy, as well as source strength ( Table 2 ).
The measurement results show a direct correlation between the γ-ray energy and the centroid of the spectrum, as is evident by observing the spectra collected with the CdSe/ZnS core/shell detectors. The spectra in Figure 5 show a slight advance in the centroid of the main peak of counts as the photopeak energies increase, with the centroids for the 60 Co spectra much higher than for the other spectra. For example, a comparison of the 60 Co and 137 Cs spectra for either the 1.4% or the 2.8% CdSe/ZnS core/shell detectors ( Figure 5) shows that the 60 Co spectrum has a higher centroid than the 137 Cs spectrum. This trend of a higher energy count distribution centroid for isotopes with photopeaks of higher energy, i.e., a higher energy centroid for 60 Co with its 1173 and 1332 keV photopeaks versus a lower energy centroid for 137 Cs with its 662-keV photopeak, are identical for the 1.4% and 2.8% CdSe/ZnS detectors. A careful comparison will reveal that there is a small increase in differentiation between the 60 Co and 241 Am sources for the lower-percent nanoparticle detector. This is consistent with the small increase in spectral structural features in the 1.4% background when compared to the 2.8%. The lower concentration appears to provide a better contrast at discriminating energies when compared to higher nanoparticle concentrations. Figure 4 . Typical background-subtracted spectra acquired with the 0.2% CdSe:S QD nanoparticle detector (detector 3) compared to the background spectrum shows that the QD nanoparticle detector is responsive to manmade sources of radiation, by way of enhanced count rates in the lower energy region of interest. Further, a correlation between the isotopic γ photopeak energy and the centroid of the energy spectra is evident. Even the 241 Am spectrum, which does not exhibit this correlation strongly, can be understood in terms of the very low energy of its 60-keV γ-ray and the lack of optimization of the electronics, detector geometry, depth of interaction for 60-keV gammas, and the optical opacity of the nanoparticle detector.
The spectra presented in Figures 5 and 6 , plotted on the left as counts per second, are reproduced on the right as normalized spectra per incident γ-ray for the entire detector set. The normalized probability distributions not only provide more characterization of the detectors by energy, but also seem to have a limited value as a diagnostic tool for data set comparison. Table 1 shows the measured count rates for all three sources, while Table 2 presents results for comparisons between the CdSe/ZnS core/shell detectors and the BC400 plastic detector. The 241 Am data appear less consistent than the other data. This is probably because the nanoparticle detector set was less sensitive to lower γ-ray energy and has a much lower signal-to-noise ratio. Additional characterization was performed with the detector set to determine the responses as compared to the plastic scintillation detector (BC400), and Figure 7 shows these results. The nanoparticle detector set produced a much weaker energy response than the BC400 detector. 
SUMMARY
The design and fabrication of prototype core/shell and QD detectors was completed as part of this project. Nanocomposite detectors are cheap, easy to fabricate, and respond to nuclear radiation [19] . Nanocomposite detectors have the potential to meet many of the homeland security, nonproliferation, and border and cargo screening needs of the nation. They also have the potential to replace all plastic detectors by virtue of a superior nuclear identification capability to plastic detectors at roughly the same cost as plastic detectors. Nanocomposites clearly have the potential of being a γ-ray detection material that would be sensitive yet inexpensive and easy to produce on a large scale. At this early stage, we have established the ability to distinguish different isotopes from the γ-ray spectra acquired with nanocomposite detectors. In particular, some have even observed photopeaks [2, 18] , though the detector material we studied here did not. However, in this work we have learned that spectral fidelity increases with decreasing nanoparticle density, while efficiency increases with nanoparticle density. Correlations between spectra and γ-ray energy have been clearly observed. In addition, the nanocomposites are rich in hydrogen, which makes them ideal candidates for engineering concepts for neutron detection, a critical need due to the dwindling 3 He supply, the material most used now for neutron detectors. A significant improvement compared to BC400 was not clearly established, but more work is required to determine how best to obtain isotopic correlations and to optimize light yield.
Future work to advance the nanocomposite detector technology would include refining the MCNPX model to improve the match to experimental data, then adjusting MCNPX parameters to improve detector performance and assessing modeling results for future detector developments. In conjunction with the modeling, material studies involving different nanoparticle types and densities and different techniques for improving uniformity of the nanocomposite mixture are required. Finally, light luminescence and transmission measurements for the new concept materials are needed. This work will appear in a forthcoming publication, and several papers have already resulted in which earlier preliminary results have been presented [20] [21] [22] .
